Recent studies have highlighted the fundamental role of commensal microbes in the maintenance of host homeostasis. For instances, commensals can play a major role in the control of host defense, metabolism and tissue development. Over the past few years, abundant experimental data also support their central role in the induction and control of both innate and adaptive responses. It is now clearly established that commensals are not equal in their capacity to trigger control regulatory or effector responses, however, the molecular basis of these differences has only recently begun to be explored. This review will discuss recent findings evaluating how commensals shape both effector and regulatory responses at steady state and during infections and the consequence of this effect on local and systemic protective and inflammatory responses.
The human intestine harbors and is in constant contact with 1000 trillion microbes, composed of an estimated 4000 strains (1, 2) . Recent studies have changed our perspective of commensal microbes from benign passengers, to active participants in both the post-natal development of mucosal and systemic immunity, and in its long-term steady-state function. To maintain its interaction with commensals and sustain its function as a digestive organ, the gastrointestinal tract environment requires the constant induction and maintenance of various classes of regulatory responses. However, immune tolerance does not represent the only fate of immune responses at mucosal sites as a certain degree of constitutive effector responses and inflammation is beneficial for the host, not only to reinforce the barrier, but also to allow for the development of protective responses when required. This implies that the regulation of this environment is more complex than initially thought and relies on the maintenance of a constant balance of antagonistic signals. This review will discuss recent findings evaluating how commensals shape both effector and regulatory responses at steady state and during infections and the consequence of this regulation on protective responses against pathogens.
Commensals control the first line of defense
Various aspects of host protective structures and innate immunity develop extensively after birth, due in large part to the interaction with the recently acquired microbiota (3) . Studies performed in germ free (GF) animals revealed that the microbiota plays a critical role in secondary lymphoid structure development (4, 5) . This also includes fortification of the intestinal barrier through epithelial cell maturation and angiogenesis of a capillary network that facilitates transport of white blood cells (6, 7) . The molecular mechanism responsible for this development remains incompletely understood, but at least in part involves a variety of pattern recognition receptors (PRRs) which are capable of detecting microbe-associated molecular patterns (MAMPs) including toll-like receptors (TLRs), NOD-like receptors (NLRs) and RIG-like receptors (RLRs) (8) . Several lines of evidence indicate that microbial signals are also responsible for the induction and development of isolated lymphoid follicles (ILFs) from cryptopatches in the intestinal tract. Notably, ILFs appear within the first weeks after birth of mice and can eventually number in the hundreds (9) . The current model hypothesizes that gram-negative bacterial derived peptidoglycans are sensed by NOD1 expressed on intestinal epithelial cells (IECs) (10) . The IECs subsequently express CCL20 and β-defensin 3 which activate LTi cells leading to the formation of ILF (11) (12) (13) ). An alternative but not exclusive model proposes that the activated LTi cells would engage lymphoid tissue organizer (LTo) cells, which are mesenchymal in origin, to express CCL20 for the recruitment for B cells.
Other critical components of host defense are represented by the mucus layer and antimicrobial peptides both under the tight control of the flora (14) (15) (16) . Engagement of PRRs by commensally derived products induces expression of a variety of anti-microbial peptides, which are critical in preventing translocation of bacteria through the rest of the host tissue (17) . One of the best-characterized mucosal anti-microbial peptides is RegIIIγ, which is expressed soon after birth or following colonization of GF mice (18) . Production of this lectin is tightly controlled by the flora in an MyD88 dependent manner and has a direct microbicidal effect on Gram-positive bacteria (18, 19) (20) . Similarly, the PRR NOD2 controls expression of a subset of α-defensins and cryptdins by Paneth cells (21) . Thus, by virtue of favoring structural development and innate immune responses at the intestinal interface, the flora plays a dominant role in controlling primary encounter with pathogens.
The homeostasis of the GI tract: balance of inflammatory and regulatory signals
Although mucosal surfaces have to constitutively integrate a multitude of microbial derived signals, new evidence suggest that defined bacteria or microbial products can play a dominant role in the induction of distinct class of immune responses. At steady state, the gut is home to a large number of lymphocytes, a large fraction of them with the potentiality to produce cytokines such as IL-17, IL-22, FN-γ and / or IL-10 (22, 23). The flora tightly controls this constitutive production of cytokines, as GF mice show extensive deficiencies in basal cytokine production (22, 24) . Further, in absence of flora, the CD4 + T cell population is diminished, disproportionately affecting Th1 and Th17 cells, although, Treg frequencies are maintained or increased in the small intestine (22, 23) . Colonization of GF mice with complex microbiota orchestrates a broad spectrum of T helper (Th1, Th17) and regulatory T cell responses (25) . Some of the factors that govern the induction of constitutive effector and regulatory responses in the GI tract and how such conditioning affect subsequent effector responses against pathogens will be discussed in this review.
Regulatory responses in the GI tract
A complex regulatory network including specialized population of antigen presenting cells, lymphocytes and innate cytokines, controls GI tract homeostasis and converge to favor the induction of regulatory responses toward antigens present at mucosal sites. Early reports suggested that commensals played a central role in maintaining such regulation. Indeed, oral tolerance (26) -the active suppression of inflammatory responses to food and other orally ingested antigens -could not be induced in the absence of gut flora or gut flora derived signals (27, 28) and feeding germ free mice with LPS was sufficient to restore this process (27) . The presence of commensals has been also associated with the suppression of IgE and Th2 responses following antigen feeding (29) . Oral tolerance could also be rescued by reconstitution of germ free mice with Bifidobacterium infantis, a dominant commensal bacteria (29) . Some of this effect of the flora has been associated with the cross talk between commensal derived LPS and TLR4 (30, 31) . Intriguingly, recent evidence demonstrate that conditioning of naïve T cells with LPS, a phenomenon that would occur in gut associated lymphoid structure, provides a tonic inhibitory role for TLR4 signaling on subsequentdependent CD4 + T cell responses (32) . Such phenomenon may account for the limitation of aberrant responses to orally derived antigen. Although LPS has been associated with the acquisition of oral tolerance, the precise molecular mechanism accounting for such phenomenon and the targets of microbial derived signals remains incompletely understood.
Induction of Treg cells at mucosal sites
Although immunological tolerance is likely to be achieved via multiple and redundant mechanisms (26) , over the past few years, several actors including TGF-β, IL-10 and in particular Foxp3 regulatory T (Treg) cell have taken central stage in our understanding of this process. Treg cells maintain both peripheral and mucosal homeostasis throughout the lifespan of the host (33) . Treg cells typically develop during thymic selection processes; however they can also develop extra-thymically in response to chronic antigen stimulation or exposure to environmental and food antigen at mucosal sites (34) . In particular, the gutassociated lymphoid tissue is a preferential site for the peripheral induction of Treg cells (35) (36) (37) (38) . Development of inducible Treg (iTreg) cells requires transcription factor binding to the intronic enhancer element (enhancer-1) of the foxp3 locus, also known as conserved non-coding sequence 1 (CNS1) and is dependent on several soluble mediators, including: TGF-β, IL-2 and the vitamin A metabolite retinoic acid (RA) (35) (36) (37) (39) (40) (41) (42) . This process is tightly controlled at steady state by the capacity of a specialized population of gut tropic DCs expressing CD103 to produce RA (35, 36, 43) . In addition to supporting iTreg differentiation, RA derived traffic signals are required for a sustained expansion of iTreg cells in the gut (44) . This expansion is propagated through IL-10 mediated interactions with lamina propria resident CX3CR1+ macrophages (44) . In previous studies, similar interactions were shown to contribute to both the induction and maintenance of Treg cells (43, 45) . Recent findings demonstrated that the physiological relevance of iTreg induction at mucosal sites is associated with their central role in oral tolerance (46, 47) . Further, RA is also required to elicit pro-inflammatory helper T cell responses to infection and mucosal vaccination (42, 48) . Antagonism of RA receptor (RAR) signaling results in a cellautonomous CD4 T cell activation defect, which impairs intermediate signaling events, including calcium mobilization. Altogether, these findings reveal a fundamental role for the RA-RAR axis in the development of both regulatory and inflammatory arms of adaptive immunity (49) . The precise factors that govern the activation of enzymes involved in the metabolism of RA as well as how commensals or pathogens modify the metabolism of vitamin A remains poorly understood. However, interaction with microbial products and in particular via TLR2 can promote vitamin A metabolizism (50) . A reciprocal regulation between the flora and vitamin A metabolism is further supported by the observation that vitamin A deficiency leads to dramatic shift in commensal populations (51) . Of note, some of this alteration in communal population may result from the role of RA in controlling IgA responses and or homing receptors of on effector cells required for the proper establishment of the mucosal firewall (52, 53) . An important future area of study will be to understand the complex interplay between vitamin A and commensal populations in the induction of regulatory and effector responses to pathogens. Another mean by which commensals may control oral tolerance is associated with the role of the flora in the control of antigen sampling of luminal contents by DCs from the underlying lamina propria compartment (54) . Recent reports also indicate that the gut flora can directly contribute to the expansion of lamina propria resident CX3CR1 macrophages that have been associated with local expansion of Treg cells (55) . Nevertheless the role of commensals on mucosal APC function at steady state remains poorly understood. Studies indicate a role for commensals in controlling liver resident DCs as gut-derived bacterial products, by stimulating hepatic IL-6/ STAT3 signaling, inhibit hepatic DC activation and or maturation, and thus elevate the threshold needed for translating triggers of innate immunity into adaptive immune responses (56) . Such control appears to be tissue specific as ex vivo analysis of DC status of activation revealed a similar pattern of activation between GF and conventionally raised mice in secondary lymphoid organs including mesenteric lymph nodes (57, 58) . However, it is worth noting that the diet of GF mice contains endotoxins that can provide surrogate signals to the ones normally provided by the flora. Coupled with activation induced by tissue dissociation, this is likely to blunt any potential differences resulting from the absence of commensals. Based on the known role for gut microbiota in promoting both regulatory and effector populations, a better understanding of the role of commensals in shaping tissue resident and peripheral DC activation level, antigen uptake, half life and migratory capacity is clearly needed.
Although, various lines of research have established that the presence of Treg cells is necessary to limit exuberant response to commensals during inflammatory settings (59), how commensals themselves contribute to Treg cell function and or induction, has, until recently, remained unclear. Among the most significant advance in this line of research is the recent finding that the microbiota can promote the induction and / or activation of Treg cells at mucosal sites. The first demonstration that a single symbiont molecule could promote regulatory responses was provided by the identification of the polysaccharide A (PSA) which is produced by a prominent human symbiont Bacteroides fragilis (5) . Colonization of GF mice with B. fragilis or treatment with purified PSA directs the development of the immune system (5). Furthermore, via PSA expression, B. fragilis can protect mice from experimental colitis induced by Helicobacter hepaticus, a commensal bacterium with pathogenic potential (60) . This protective activity was associated with the capacity of PSA to induce or expand IL-10 producing CD4 + T cells (60) (61) (62) . Additionally, B. Fragilis was able to promote Treg cell function via TLR2, a phenomenon associated with their capacity to limit IL-17 responses (63) . Induction of Treg cells is not restricted to B. fragilis as the presence of an indigenous Clostridium species also promotes Treg cell accumulation via, at least in part, its capacity to create a TGF-β rich environment (64) . This induction of Treg function requires TCR mediated signals, MyD88 and Ticam-1, as well as signaling via IL-10R (64) . Based on the fundamental role of Treg cells in maintaining mucosal homeostasis, it is likely that rather than being restricted to defined bacteria, most indigenous flora have evolved to favor this aspect of the regulatory network.
Promising results have been obtained with probiotics -bacteria known to confer a health benefit to the host -in the treatment of human inflammatory diseases of the intestine and in the prevention and treatment of atopic eczema in neonates and infants, and some of the effect of probiotics is believed to be associated with the induction or expansion of Treg cells. For instances, in mice, treatment with probiotic Lactobacillus and/or Bifidobacterium suppressed TNBS-induced colitis (65, 66) , as well as allergic responses due possibly to the induction of TGF-β production (67) and stimulation of Treg cells that are able to suppress allergic responses (68) . There is also good evidence of probiotic modulation of DCs towards a pro-regulatory function (69, 70) . Multiple reports indicate that bacteria with known antiinflammatory properties such as bifidiobacteria, lactobacilli and Streptococcus salivarius are capable of promoting both Treg and IL-10 producing, FoxP3-Tr1 cells (61, (70) (71) (72) (73) (74) .
In addition of the capacity of commensals to co-opt Treg cells and potentate their function, recent evidence support the idea that immune tolerance toward commensals is also controlled by the nature of the antigen recognized by Treg cells. Indeed, colonic Treg cells use TCR distinct from those used by those from other locations and that a fraction of them can react preferentially to antigens derived from the commensal population (75) . These results suggest a major role for the microbiota in shaping the repertoire of tissue resident Treg cells and in the maintenance of host-microbe mutualism at barrier sites. Based on the abundance and complexity of the flora, one could speculate that opportunity for cross reactivity between commensals and pathogenic organism derived antigen is high. Thus, microbial pressure in the gut could lead to the induction and maintenance of a pool of activated Treg cells (both natural and inducible) that may not only maintain a mutualistic relationship with the microbiota, but also via cross reactive responses, promote pathogen expansion and maintain heterologous chronic infections (76) .
Promotion of infection via Microbiota induced regulatory responses
Several studies highlighted a fundamental role for the microbiotia in promoting pathogen transmission and recent evidence suggests that this effect may, in some instances, rely on the appropriate induction of regulatory responses. One of the first illustrations of the positive effect of the flora on pathogen development and survival was revealed in a model of Trichuris muris nematode infection (77) . In this model of infection, egg hatching in the large intestine only occurred upon tight contact with bacteria suggesting that the microflora provides critical cues for the appropriate establishment of the life cycle of gut tropic nematodes (77) . More recently, two studies using viral models revealed that such a role might represent a novel paradigm for the transmission of various pathogens including viruses. Poliovirus relies on the microbiota for efficient replication, an effect that can be at least in part associated with the capacity of the virus to bind to cardinal microbial products such as LPS (78) . Similarly the capacity of MMTV to bind to commensally derived LPS favors mucosal transmission of the virus via the induction of the regulatory cytokine IL-10. Such effect leads to a state of immunological unresponsiveness toward viral antigen that favors transmission of the virus (79) . Of note, in these studies the elements accounting for the promoting effect of the flora on pathogen transmission and / or virulence are highly represented microbial products, suggesting that both virus and nematodes may have evolved to bypass commensal population shift by thriving on ubiquitous microbial derived components. This would suggest that although manipulating the flora may represent an efficient way of altering immunity to pathogens, this strategy is unlikely to have global consequences on pathogen transmission. Based on the pleitropic effect of the flora in induction of regulatory pathways, host metabolism and tissue resident function, one would expect that a high number of pathogens transmitted via mucosa or using commensal rich habitats have evolved to benefit from the complex interaction of the host with its microbiota.
Shaping effector responses
Induction of immunological tolerance and Treg cells does not represent a universal fate for commensally derived antigens. Indeed, the GI tract is clearly home to a large fraction of cells with effector potential for which antigenic specificities remain unclear. For instances, the gut contains the highest frequencies of cells able to produce IL-17 under steady state conditions (80) . Recent evidence demonstrates that Th17 cells develop normally in mice expressing a single TCR in the absence of Ag (81). However even under this setting, the flora is essential for their development (81) . Although these results strongly support the idea that the flora controls the tissue derived cues required for the induction and or maintenance of IL-17, they do not preclude that under less contrived settings, a significant portion of mucosal Th17 cells recognize commensal antigens. Further, a significant fraction of T cells with Th1 characteristics reside in the GI tract with frequencies that are also tightly controlled by commensal flora (22, 24, 25) . The current view is that constitutive sensing of commensal plays an important homeostatic role while active responses against the flora is believed to be associated to pathogenesis. However, this distinction is clearly not absolute and need to be revisited in light of the observation that healthy human serum normally contains antibodies against commensals (82) suggesting that a certain degree of commensal recognition is a common occurrence and in most circumstances, is not associated with pathogenic responses. We could speculate that in a symmetrical manner to what is now proposed for Treg cells, antigenic specificities of tissue resident effector cells are likely highly enriched for commensal antigens. How much mucosal Th1 and Th17 cells contribute to the tone of the tissue and local APC function remains to be further addressed.
Independently of inflammatory settings, various lines of research propose a major role for the microbiota, and in particular specifically defined groups of bacteria, in influencing immune system development and skewing under steady state condition. For instance, mice lacking a key group of microbes (since identified as Segmented Filamentous Bacteria (SFB)) have severely decreased numbers of mucosal Th17 cells in the small intestine, although the Treg compartment is expanded in this environment (22) (25, 83) . Remarkably, SFB in association with a specific pathogen free (SPF) flora, can trigger intestinal inflammation in lymphopenic host (84) . As shown by scanning electron microscopy, SFB adhere tightly to Peyer's Patches and epithelial cells of the small intestine and concomitantly induce local expression of IFN-γ, IL-10 and IL-17. SFB colonization of GF mice leads to increased Treg cells as well as IFN-γ and IL-17 producing CD4 T cells in the small intestine and colon (22) (25, 83) . However, absolute numbers of these cells are not restored to the level of those mice with a complete microbiota suggesting that as expected, SFB may be sufficient for such changes but need to synergize with other microorganisms to coordinate the full maturation of the intestinal immune system. As such, based on the complexity of the flora under less contrived situations it remains unlikely that a single group of bacteria could account for all immunologic functions of the GI tract. The challenge over the next few years will be to understand the appropriate composition and / or location of commensal populations that are optimal for the establishment of balanced responses in the GI tract.
Some of this balance can be favored by defined dominant microbial derived signals. Indeed, commensals and pathogenic microbes interact with the host immune system through conserved ligands that are cardinal features of microorganisms (85) . Many of these ligands signal through the Toll-like family of receptors (85) . TLRs are widely expressed by cells of hematopoietic origin, as well as non-hematopoietic cells, including the epithelial cells lining the intestinal tract (86) .
Bacterial flagellin is a structural protein that forms the main portion of flagella and promotes bacterial chemotaxis, adhesion and invasion of host tissue in the context of pathogenic bacteria. In addition, many commensal bacteria also have flagella and several lines of evidence indicate that interaction of commensal flagellin with TLR5 plays an important role in the GI tract. Unlike other TLR family members, TLR5 is not expressed on macrophages or conventional DCs in mice and poorly expressed by intestinal epithelial cells. Instead TLR5 is highly expressed by lamina propria DCs (LpDCs) from the small intestine and in particular on CD11c hi CD11b hi dendritic cells (53, 87) . Flagellin stimulated LpDCs do not produce IL-10 and TNFα, but instead express chemokines, prostaglandin and antimicrobial peptides (87) . In addition, LpDCs stimulated with flagellin produce both IL-6 and IL-12 (87) . Whereas DCs from non-GALT tissues induce Th1 cells in response to TLR ligands, LpDCs induce RORγT functional Th17 cells as well as Th1 cells from naïve CD4 + T cells in response to flagellin in vitro (53) . In addition, these DCs induce the generation of both Th17 cells and Th1 cells in an antigen specific manner in vivo (53) . Of note, flagellin also represents an immunodominant antigen in Crohn's disease patients (88) . On the other hand, several lines of evidence support the idea that commensal derived flagellin plays a regulatory role in the GI tract. Indeed TLR5 ligands are clearly sensed at steady state condition as evidenced by the observation that mice lacking TLR5 spontaneously develop colitis (89) . Furthermore, mice lacking TLR5 over-express genes associated with innate and adaptive immunity contributing not only to colitis development but also to their enhanced protection against infection to enteric pathogens such as salmonella (90) . TLR9 recognizes unmethylated cytosine phosphate guanosine (CpG) dinucleotides, which are abundant in prokaryotic DNA found in intestinal flora. Using synthesized sequences containing CpG, previous studies have shown that engagement of TLR9 expressed on DCs, Treg and conventional T cells can limit Treg cell suppressive function (91, 92) . Previous work identified an association between Crohn's disease and a promoter polymorphism in the TLR9 gene in humans (93) . Such an association supports the idea of a role for gut floral DNA (gfDNA) sensing in the pathophysiology of inflammatory bowel diseases (IBD). In mice, gfDNA plays a major role in intestinal homeostasis through TLR9 engagement (94) and constitutive interaction between gfDNA and TLR9 in the gut can act as an immunological adjuvant and critically controls the balance between Treg and effector T cells (94) . Naïve TLR9 deficient mice displayed a striking increase in the frequency of Foxp3+ Treg cells within intestinal effector sites, accompanied by a significant reduction in constitutive IL-17 and IFN-γ production by effector T cells. Complementing this, gfDNA, strongly constrained the capacity of lamina propria DCs to induce Treg cell conversion in vitro and promoted effector responses to oral pathogen (94) . Previous work showed that, in vitro, gut flora bacteria are not equal in their capacity to stimulate TLR9 and do so with varying levels of efficiency that correlate with the frequency of [CG] dinucleotides (94, 95) . Thus, it is tempting to speculate that alteration of Treg / Teff cell homeostasis mediated by TLR9 signaling may be differentially regulated by specific gut flora species. In contrast to TLR9 deficient mice, mice lacking TLR2 have decreased frequencies of Treg cells (96) . Surprisingly, Myd88/Trif double deficient mice have normal numbers of Th17 cells in both the small and large intestine indicating that individual TLRs potentially influence the differentiation of Th17 cells in either a positive or negative manner (22, 97) . Conversely, the alteration in the ability to sense microbial signals might affect the composition of bacterial species, which could subsequently lead to alterations in Th17 cell induction or maintenance. It has also been noted that bacterially infected apoptotic cells trigger dendritic cell production of IL-6 and TGF-β, which are critical for Th17 induction in mice, through recognition of phosphatidylserine exposed on the apoptotic cells (98) . How much this process is controlled by resident bacteria and is responsible for steady state IL-17 production in the GI tract would be important to evaluate. Adenosine 5′-triphosphate (ATP), can modulate immune cell function by means of activation of the ATP sensor PX and P2Y receptors and commensal bacteria have been shown to generate large amounts of ATP (97) . Consistent with this observation, germ free animals have reduced ATP in their feces compared to conventional mice. ATP derived from commensal bacteria can activate a unique subset of lamina propria, CD70 high CD11c low cells, leading to the differentiation of Th17 cells (97) . Of note, the precise nature of this subset remains to be fully characterized. Systemic or rectal administration of ATP into these germ-free mice results in a marked increase in the number of lamina propria Th-17 cells. The CD70 high CD11c low subset of the lamina propria cells expresses IL-6, IL-23p19 and TGF-β-activating integrin-αV and -β8, in response to ATP stimulation, and preferentially induces Th17 differentiation. The critical role of ATP is further underscored by the observation that administration of ATP exacerbates a T-cell-mediated colitis model with enhanced Th17 differentiation (97) . These data provided evidence that commensal-derived metabolites could direct effector T cell polarization.
Microbiota-B cells cross regulation
IgA are a dominant feature of the host-commensal dialogue as IgA are critically important in shaping the microbiota and mediating pathogen clearance. For instances, IgA production has also been shown to exclude Shigella flexneri during infection by binding bacteria at the mucosal layer (99) . Mice lacking IgA have expansion of SFB and other Clostridium related species in the intestinal tract (100) . IgA responses appear to lack typical memory characteristics and respond rapidly to change in the gut flora composition. This point was elegantly demonstrated using reversible colonization of mice with a strain of auxotrophic E.coli that required nutrients unavailable by mammalian host metabolites (101) . IgA responses persisted in the absence of bacteria, however introduction of additional species of bacteria caused a rapid decline in IgA specific for the auxotrophic bacteria. This suggests that in colonized animals, the persistence of IgA would be limited by the presence of additional bacterial species. One advantage of this system would be the ability to adapt IgA production specifically to the commensals present at a given time (101) .
The discovery that RA is critical for the generation of immunoglobulin A (IgA)-secreting B cells offers further evidence of a multifactorial role for RA in mucosal immunity (52, 53) . Notably, microbial induced cytokines such as IL-6 are also integral cofactors in this process (52, 53) . Evidence indicates that Treg cells can also provide help in the generation of IgA producing B cells (102) . Analysis of human population revealed that in the context of Crohn's Disease, flagellins are immunodominant antigens of the microbiota (88) . An explanation of how the mucosal immune system prevents harmful responses against flagellin was provided by a recent study demonstrating that Intestinal IgA can regulate the activation of peripheral flagellin-specific CD4 + T cells (103) . Importantly, Treg cells control such antigen IgA responses in an antigen specific manner via production of TGF-β. This study uncovered a new role for Treg cells as a major helper T cell for the induction and maintenance of intestinal IgA responses and prevention of responses against major flora antigens under steady state condition (103) . Additionally, transfer of Treg cells into T cell deficient mice induces formation of germinal centers in PP and dramatically increases IgA production (102, 104) . In the germinal centers, Treg cells down-regulate expression of FoxP3 and instead express markers of T follicular helper cells (105) . Follicular dendritic cells in the PP are critical for the induction of IgA responses as they express TGF-β, which is crucial for IgA class switching (105) . The follicular dendritic cells appear to respond directly to TLR and RA signaling by inducing the recruitment and differentiation of lymphocytes into germinal centers (105) . In addition to the role of the flora in IgA responses and specificities, an area of research that has been clearly understudied is the capacity of commensals to control B cell responses at large in the context of infection and vaccination. Based on the prominent role of the flora in controlling various arms of the immune network and the known roles of various TLR receptors in controlling B cell function (106) , this area of research is likely to yield results of high clinical relevance.
Role of commensals in pathogenic responses
A role for the gut microbiota is now well established in the pathophysiology of mucosal inflammatory diseases. Crohn's disease and ulcerative colitis are two major disease entities of inflammatory bowel disease (IBD) (107) . Despite differences in the target site and inflammatory processes associated with these two forms of IBD, compelling evidence generated from studies of human patients and experimental models indicate that both disorders depend upon the presence of the microbiota (reviewed in (108)). Early studies demonstrated that the critical effector cell in most models of experimental colitis that involve the adaptive immune system is the CD4 T cell (59, 108, 109) . One striking experimental example of the influence of the flora on mucosal disorder is that of TRUC mice that develop a spontaneous and transferrable form of ulcerative colitis (110) . Deficiency of T-bet in the innate immune system leads to exaggerated tumor necrosis factor (TNF) production by dendritic cells, which together with the absence of Treg cells creates a chronic inflammatory state that modulates the composition of the microflora and eventually leads to the development of colorectal cancer (110, 111) . Colitis in the TRUC mice is caused by increased production of TNF-α by colonic DCs as restoration of T-bet expression specifically in CD11c+ populations allowed for reduced TNF-α production and prevented neoplasia and excessive inflammation (111) . Interestingly, transfer of the microbiota from TRUC mice into wild-type recipients also transfers the colitis indicating that microbiota shifts are likely the cause of disease. Two species, Proteus mirabilis and Klebsiella pneumoniae are found at increased frequency in TRUC mice and can induce colitis in SPF wild-type mice (112) .
A recent study revealed that the inflammasomes -complexes that function as sensors of endogenous or exogenous damage-associated molecular patterns -can also play a role in controlling the delicate homeostatic relationship with the flora (113) . Deficiency of NLRP6 inflammasome from colonic cells results in reduced IL-18 levels and shift in microbiota composition characterized by expansion of the bacterial phyla Bacteroidetes (Prevotellaceae) and TM7. Further, these mice spontaneously develop colitis and were more susceptible to chemically induced colitis (113) . As for the TRUC mice, colitogenic potential of this microbiota is transferable to neonatal or adult wild-type mice. Such "infectious" microbiota shaped by innate deficiency are likely to represent a dominant mechanism for the initiation of mucosal inflammatory disorders.
The gut also represents one of the primary sites of exposure to pathogenic microbes. In this environment, the pro-inflammatory properties of commensals can directly contribute to the pathogenesis of mucosal infection. One of the first examples of this scenario was demonstrated in an oral model of Toxoplasma gondii infection in which pathology is associated with exuberant sensing of commensals via TLR receptors (114, 115) . This infection is also characterized by a reduction of the flora complexity and increase in gramnegative bacteria that in turn exacerbates the pathological process (114) . Disruption of the microbiota composition has also been documented in the context of other enteric infections such as Citrobacter rodentium or Salmonella typhimurium (116, 117) . In addition to microbial changes induced by infection, as previously discussed, accumulating evidence indicates that host genotypes reciprocally affect microbiota composition, which in turn alters host responses. Thus acute mucosal infections may represent an important initiatory event in the triggering of subsequent GI disorder.
Another important sets of question will be aimed at understanding how deviation of regulatory pathways under inflammatory settings could modify the immunological tone of mucosal tissues, and in some cases, lead to inflammatory disorders. Indeed, under highly inflammatory settings, Treg cells including commensal specific Treg cells can express T-bet and acquire effector function (118) (119) (120) . Further, it is becoming clear that inflammatory mediators modulate the capacity of DCs to induce Treg cells in favor of the induction of effector responses (121) (122) (123) (124) (125) (126) . For instance, when activated with commensal derived DNA, LpDCs that under steady state are poised to induce Treg cells, produce large amount of IL-6 and consequently are impaired in their capacity to induce Treg cells (23) . Based on recent findings revealing an enrichment of Treg cells specific for the flora at mucosal site, we could speculate that a deviation of commensal specific Treg cells toward an effector phenotype could lead to severe inflammatory disorders. Indeed, recent experimental evidences using commensal specific transgenic mice support this notion (75, 127) . Thus, at barrier sites, responses against pathogens occur in the context of commensal shifts and reactivity to the flora that in turn amplifies the inflammatory process. This could lead to aberrant responses against innocuous antigens. The long-term consequences of these responses remain to be fully understood.
Bystander effect of gut commensals on peripheral responses
One consequence of the immune system's reliance on microflora for optimal development and immunoregulation, is that antibiotic therapies may result in unintended activation of immune effector mechanisms. In experimental models, antibiotic treatment renders mice more susceptible to induction of food allergy (128) as well as allergic airway inflammation (129) . For the human population, antibiotics are seen as major modifiers of beneficial human-microbe interactions (130) superimposed on alterations caused by other exogenous factors including urbanization, global travel, and dietary changes (131) . The acute effects of antibiotic treatment on the native gut microbiota range from self-limiting diarrhea to lifethreatening pseudomembranous colitis induced by bacteria filling the niches provided by the reduction in bacterial diversity (132) . The long-term consequences of such perturbations for the human-microbial symbiosis are more difficult to discern, but chronic conditions such as asthma and atopic disease have been associated with childhood antibiotic use and an altered intestinal microbiota (133) (134) (135) .
More direct evidence of the systemic influence of the microbiota on peripheral immune responses were recently provided. Indeed, recent experimental evidence suggests that, despite being contained by mucosal immunity, gut microbiota can impact responses at distal sites. Interestingly, a recent study demonstrated that peptidoglycan from radio-labeled E.coli could be found in the serum and improved killing of Streptoccocus pneumoniae and Staphcylococcus aureus by bone-marrow derived neutrophils in a Nod1 dependent manner (136) . Importantly, detection of MAMPs is not limited to the intestinal mucosa but also has been shown to occur in the bone marrow where signaling can alter hematopoiesis. Further, bacterial products can induce monocyte emigration in response to very low levels of toll-like receptor ligands (137) . Whether the diffusion of commensal products into the blood stream contributes to steady-state monocyte egress from the bone marrow remains to be determined. The microbiota also has the ability to regulate immune responses against various infections as mice given broad spectrum antibiotics mounted a severely blunted T and B cell response against an intranasal infection with the A/PR8 strain of influenza, resulting in elevated viral titers (138) . Interestingly, no differences in immune responses were observed when mice were infected with HSV-2 or Legionella pneumophila (138) . This differential requirement was attributed to the influenza specific response requiring inflammasome-mediated induction of IL-1β and IL-18 secretion. Interestingly, administration of TLR agonists rectally was capable of restoring the immune response in antibiotic treated mice indicating that either the microbial products are capable of diffusing to distinctly distal sites, or that inflammasome activation does not need to occur in the same location as the local infection (138) .
In addition to protective immunity, gut commensals can also alter autoimmune conditions. Mice lacking intestinal microbiota develop less-severe disease in models of arthritis and experimental autoimmune encephalomyelitis (EAE) (62, 139) . On the other hand, colonization with SFB promotes autoimmune arthritis through the induction of antigen specific Th17 cells, which promote auto-antibody production via B cell expansion in germinal centers. A recent study further showed that recruitment and activation of autoantibody-producing B cells from the endogenous immune repertoire depends on availability of the target autoantigen and commensal microbiota (140) . The commensal microbiota can also help to reduce inflammation as colonization of mice with B.fragilis results in the expansion of IL-10 producing Treg cells which limit the pro-inflammatory mechanisms of EAE in a TLR2 deficient manner (62) . As well, diabetes in the Non-Obese Diabetes (NOD) mouse model has been related to their housing conditions and presumably their commensal flora. When NOD mice were made deficient for MyD88, induction of disease was delayed and connected with a distinct flora from MyD88 intact controls (141) . Further, a recent study indicates that NOD mice naturally colonized with SFB have a correlative protection from diabetes (142) . Finally, single chain fatty acids (SCFA), such as acetate, are one of the most important metabolites provided by commensal organisms (143) . It has been shown that the recognition of these SCFA by innate immune cells is critical for the regulation of inflammation in response to not only intestinal injury but also in models of arthritis and allergy (144) . Therefore, the innate immune response is shaped not only by interaction with microbial products but also commensally-derived metabolites. Thus, while it is readily accepted that shifts in microbiota composition and density can affect local immune responses, it is becoming readily apparent that changes in bacterial species in the gut can also alter immunity and inflammation in distal organs from the intestine. Nevertheless, despite our growing understanding of the ramification of the host-microbe alliance, the degree to which the gut flora acts as the dominant source of commensal signals and directly contributes to immunity at distal sites remains unclear. The body is comprised of various tissue microenvironments with finely tuned local immunosurveillance systems, many of which are in close apposition with distinct commensal niches (145) . Outside of the GI tract, how resident commensals control these unique physiological niches remains unknown.
At this point, it remains unclear to what extent any recalibration either locally or systemically is purely induced by perturbation of the commensal population and / or infection, or is a result of endogenous controls within the immune system itself. On the basis our current knowledge, it seems likely that all three components play an essential role in reaching a stable and nonpathogenic steady state for the longer term. The challenge over the next few years will be to develop novel experimental approaches allowing the exploration of these complexes and constantly evolving interactions.
• Commensals play a central role in promoting immune responses locally and systemically
• Defined bacteria can play a dominant role in the control of immune responses
• Commensals can also favor the transmission of pathogens and contribute to pathigenesis
